Challenging the conventional bandwidth limit, we design an extremely wide-band circular waveguide septum polarizer, covering 42% bandwidth, from 77 GHz to 118 GHz, without any high-order resonance. The performance of this polarizer has been verified in between 75 GHz and 115 GHz. The Stokes parameters constructed from the measured data show that the leakages from I to Q are below ±2% and the Q U mutual leakage below ±1%. This result removes the major weakness of the septum polarizer and opens up a new domain of astronomical instrumentation for polarization measurement. Despite this polarizer is designed to cover 77-118 GHz, it can be straightforwardly downsized to cover higher frequencies with minor change. The measurement result of a G-band (140-220 GHz) polarizer is also presented.
INTRODUCTION
Polarization measurements require separating the incoming radiation into two orthogonal components for the determination of Stokes parameters. It requires a three-port device to perform this task. Traditionally two competing devices are available for the separation of polarization, the septum polarizer and the ortho-mode transducer (OMT) [1] . An ideal septum polarizer can convert an input linear polarization wave into two circular polarization waves of equal power at two output ports. Interestingly, in a specific arrangement when the input is a circularly polarized wave, it will pass through only one output port and leaving the other output port null. This novel feature of the septum polarizer makes it distinct from the other simpler device, OMT, which separates an input wave into two linear polarized wave parallel and perpendicular to the device symmetry axis at two output ports.
It has been known that OMT is intrinsically unsuitable for measuring linear polarization and the polarizer is not good for measuring circular polarization. This is because the polarized signal is contaminated with the much stronger unpolarized noise introduced by the background sky and the amplifiers. Hence to recover the linear polarization signal containing Stokes Q and U, particularly Stokes Q (≡1/2(|E x | 2 −|E y | 2 ), the amplifier gains 〈G x 2 〉 and 〈G y 2 〉 must be determined to a high accuracy. However, due to gain fluctuation, a telescope equipped with an OMT is often difficult to yield a well-determined Stokes Q. By contrast, for a circular polarization signal containing Stokes U and V, particularly the Stokes V, the same argument applies, except for replacing E
x by E R , E y by E L , and OMT by septum polarizer [2] .
However, rarely is there any pure circular polarization signal in the astrophysical setting; hence the OMT is normally disfavored for astronomical polarization measurements, and is used mostly for the measurements of Stokes I. In spite of the great advantage of septum polarizers for linear polarization measurements, it has been known to perform well only within a relatively narrow frequency range, limited by the appearance of resonances. On the other hand, the OMT has an advantage of having wide bandwidth, and has been installed in modern telescopes, such as Atacama Large Millimeter/sub-millimeter Array. Therefore, it will be a great leap forward in the polarimeter instrumentation if this major weakness of the septum polarizer can be removed. In this paper, we report a wide-band resonance-free polarizer. Figure 1 . Field distributions of an E y input (a) and an E x input (b). The electric current smoothly circulates in opposite directions on either side of the common wall (septum) for the E x input as if no septum ever existed. But the current flows in the same direction on either side of the common wall for the E y input, so that the septum top edge becomes a stagnation point for charge accumulation. Therefore, a virtual TM01 mode, which has primarily the radial electric field, is excited. A good septum is able to re-convert the virtual TM01 mode back to the TE11 mode on its exit to output ports. This work is organized as follows. Section (2) outlines the key issues faced by the conventional septum polarizer. The design principle and the simulation result of new septum polarizer are given in Sec. (3) . Measurement procedures and results of the polarizers are presented in Sec. (4) . Section (5) shows the polarization leakage of the polarizers. Conclusion is made in Sec. (6) . Although we primarily aim at the W-band polarizer, we find that the extension of this design to G-band is achievable, due to its structural simplicity. The measurements of the G-band (140-220 GHz) polarizer is also given.
SEPTUM POLARIZER
A septum polarizer is composed of a stepped septum cutting through a circular waveguide into two semi-circular waveguides. This three-port device has the circular port as the input and two semi-circular ports as outputs. For an input E y , the electric field must rotate 90 degrees to reach the output ports, and the two electric fields at the two output ports are 180 degrees out of phase (Fig. 1a) . By contrast, the input E x remains intact in orientation and the two output electric fields are of the same phase (Fig. 1b) . The stepped septum serves as an impedance transformer for the input E y , slowing the phase velocity to create a delay relative to the input E x . To preserve the input and output powers when both components of the input electric field are present, it follows that the relative phase delay between the two components at the output ports must be ±90 degrees [3] [4] [5] . Two key issues often discussed in the literature for septum polarizers are as follows. First, the bandwidth of the septum polarizer is limited primarily by that of the square (circular) waveguide. Chen et al. [3] already -S21
suggested that a square (circular) waveguide has a ratio of 1: 1.4 (1: 1.3) for the cutoff frequencies of the TE 01 (TM 11 ) mode and the TE 11 (TM 01 ) mode, therefore making the maximum bandwidth of the fundamental mode at most 34% (26%). If one further avoids the intervals of the lowest 12% and the highest 2% bandwidths, where the polarizer performance is difficult to control, one is left with only 20% (12%) bandwidth for use. Even with further refinements for the septum design, one can at most achieve 25% (15%) bandwidth. Exceeding this limit are the excitation of high-order modes, which can alter the phases of the fundamental modes and produce resonances. An increase of the step number will not help, as the bandwidth limit considered above has been so fundamental that it cannot be broken. Figure 2 . Simulation results of the transmission S21 and the reflection S11 of the fundamental TE11 mode, and of the reflected TM01 (S31) and TE21 (S41) modes, for our optimized W-band septum polarizer. These simulation results are for an ideal polarizer, where the left-right symmetry is obeyed. For the E y input, the TM01 is seen to be well suppressed except near the TM01 cutoff frequency 93 GHz. But even near this frequency the suppression is still good at the -14 dB level with an insertion loss 0.2 dB. Most impressively, this polarizer design has been tuned to eliminate all resonances across the entire W-band and beyond 120 GHz. The even higher-order modes TE21 begins to be excited beyond 118 GHz for both E y and E x inputs, and the transmission S21 for the E y input deteriorates rapidly beyond 120 GHz.
Second, the 90-degree phase shift of E y relative to E x over a wide bandwidth may be achieved either by an auxiliary Teflon thin plate next to the metal septum [3] , or by the adoption of corrugated walls in the waveguide [6] . The corrugated wall has long been regarded as a phase shifter. However, these improvements are impractical in high-frequency applications. Typical dimensions of the polarizer are too small for precision arrangements of extra components and for fabrication of a complicated waveguide interior. In this work, we report a novel design of the septum polarizer that yields good solutions to both issues. We find it possible to break the aforementioned bandwidth limit by carefully optimizing the septum steps for suppressing high-order excitations and resonances over an unprecedentedly wide bandwidth. The circular waveguide septum polarizer reported here can reach a > 40% bandwidth. Most importantly, this septum polarizer, without any Teflon plate or corrugated wall for additional fine tuning, has been designed for high-frequency applications, specifically for W-band and G-band, and fabricated by conventional machining tools. 
SEPTUM DESIGN
Our primary design principle for the septum is, therefore, to strictly prohibit cavity modes from occurring at the expense of allowing for some low level of real TM 01 excitations, which are to be radiated away through the input end. We begin with a size free design; when the widest percentage bandwidth is identified, we then fix the device size in accordance with the range of frequency desired. In the W-band case, the range is 80-116 GHz and in the G-band case, the range is 140-220 GHz. Given the circular waveguide, we optimize the 5-step septum with the height and the width of each step as optimization parameters. The optimization procedure begins with the λ 4 ⁄ rule for modes of different frequencies. Ansoft HFSS 13.0 (High Frequency Structure Simulator) was used to compute the scattering (S) parameters that serve as the optimization indicators. Take the W-band polarizer as an example. The optimized polarizer aperture is found to be 2.5 mm with the TM 01 excitation frequency at 93 GHz. The optimized septum width is found to be 8% of the polarizer aperture, 0.2 mm, for good performance at high frequency and for the mechanical rigidity of a bronze septum. The HFSS results are Figure 3 . Results of isolation Sij and reflection Sii for measurement A for the W-band polarizer, and results of the simulation with an identical setup as the measurement. The overall agreement between the two is very good. The measured S12 turns out to be indistinguishable from the measured S21.
shown in Fig. (2) , where the TE 11 modes (E x , E y ) at the common port are denoted as mode 1, the TE 11 mode at R/L ports as mode 2, the excited TM 01 mode as mode 3, and the excited TE 21 mode as mode 4. It is found from Fig. (2) that the input reflections S11(E x ) and S11(E y ) are under -20 dB and S31(E y ) under -14 dB within 94-118 GHz. The high-order mode TM01 cannot be excited by the E x input and indeed S31 (E x ) is close to zero. The transmission S21(E x ) is nearly perfect; however, S21(E y ) has some loss due to energy conversion to the high-order mode beyond 93 GHz, and the loss is at most 0.2 dB in between 94-100 GHz and 0.3 dB at 118 GHz. We find that the excitation of TM01 mode is unavoidable beyond its cutoff frequency, and beyond 118 GHz an even higher-order mode TE21 begins to be significantly excited for both E y and E x inputs. Nevertheless one can manage to keep the high-order excitation level low at least up to 118 GHz. In particular, the simulation results in Fig. (2) show that avoiding resonances is achievable over a very wide frequency range (75 ->120 GHz).
Comparable performance is seen for the G-band polarizer. Note that the G-band polarizer is not a scale down version of the W-band polarizer, but is subject to some modifications. The breaking of scale symmetry is caused by a fixed finite curvature radius of the line cut in the making of the septum. --S11 (Simulation)
MEASUREMENTS OF W-BAND POLARIZER (75-115 GHZ)
Before proceeding to the presentation of measurement results, we find it important to stress the arrangements before the signal enters the polarizer from the common port. This polarizer operates in the frequency range beyond the cutoff of TM01 excitation. Despite that we can manage to suppress the high-order excitation to a great degree, there is still some low level of TM01 mode that gets reflected back to the front-end devices. If the front-end devices do not allow the TM01 mode to radiate, the reflection of it from the front-end back to the polarizer interior will lead to a cavity effect and creates spurious new resonances. It is therefore essential that the front-end device permits total transmission of TM01 modes. The condition is naturally fulfilled in the telescope setting since the polarizer is preceded by a feed horn, which allows the reflected TM01 mode to radiate away. However, the radiation boundary condition cannot be satisfied when we perform measurements by connecting the common port of the polarizer to the rectangular waveguide of the measurement device. In this case, the excitation mode is totally reflected back to the polarizer, thereby producing new resonances. Two types of measurements are made. For measurement A, the common port is the output port of the polarizer, which is connected to a Potter feed horn, and the R and L ports are connected to the two ports of VNA. For measurement B, one port of VNA is connected to the common port via a rectangular-to-circular waveguide transition adapter and the other port of VNA to the R (L) port, with the L (R) port properly terminated. Measurement A tests the performance of the R/L port return loss and mutual isolation. If a high-order mode that is excited away, and there can be no telling of the high-order excitation in measurement A. However, if there are internal multiple reflections, i.e., cavity modes, inside the polarizer, measurement A can reveal the resonances. On the other hand, measurement B must use a transition adapter in between the VNA and the common port, and can cause a serious problem in reflecting the excited TM01 mode back to the polarizer, creating the otherwise absent resonances in the VNA measurement. Nevertheless, if one ignores the responses at some discrete resonances and reads only the continuum results, measurement B can provide the full characteristics, thus full Stokes parameters, of the receiver polarizer.
(a) Measurement A: Figure ( 3) summarizes the results. First of all, no resonance appears in this measurement. In the interval between 85 GHz and 115 GHz, the return loss and the isolation are largely below -20 dB. The slight rise of return loss to -17 dB in the low-frequency interval 77-85 GHz is due to the slight mismatch between the WR10 rectangular waveguide of the VNA and the polarizer semi-circular waveguide. We verify the measurement results by simulating the exact measurement configuration with HFSS, finding good agreements especially in low frequency where the waveguide mismatch prevails. This is a minor problem that can be easily corrected by a transition adapter.
To circumvent this difficulty, our solution is to change the length of the rectangular-to-circular transition waveguide and examine whether any identical resonance exists regardless of such a change. The rationale behind this approach is that if any internal cavity mode is to exist, its resonance frequency should be independent of the length changes of the external reflector. Our measured results will be further checked against the HFSS simulations to ensure the correctness of the interpretation. Figure (4) presents results for the E x input and for the E y input, respectively. Here the length of the circular waveguide section in the transition adapter is chosen to be the shortest possible, 0.2 mm. The result for the E y input reveals three resonances at 95.2 GHz, 104.2 GHz and 110.2 GHz, and the HFSS simulation exactly yields the same resonances. The result for E x reveals an unexpected single resonance at 95 GHz. This odd resonance is actually produced from the mutual leakage between E
x and E y , due to axis misalignment by 1.8 degrees at the interface between the rectangular-to- circular transition adapter and the polarizer. The misalignment has also been verified by the HFSS simulation, shown in Fig.  (4) as well. We also note in Fig. (4) that the power imbalance of R and L ports in input E x and in input E y measurements tends to be opposite. This result is also caused by such a 1.8-degree axis misalignment. Other than these discrete resonances, the polarizer performs well in the continuum, with about 0.2-0.3 dB additional power loss compared to the ideal polarizer simulation results. This additional loss is due to a splitter of 3 cm long following the polarizer. Fig. (4) , we find that none of these resonances are in common in all three cases of different external cavity lengths, indicative of no internal cavity mode in the polarizer. We also find that all measured resonances coincide with the simulation resonances. The confirmation of measurements by simulations further reinforces our confidence that this polarizer is free of resonance over the measurement range from 75 GHz to 115 GHz.
MEASUREMENTS OF G-BAND POLARIZER (140-220 GHZ)
We conduct measurement A and partial measurement B that adopts the shortest transition adapter. The G-band results are given in Fig. (6) and Fig.(7) , and they are very similar to Fig.(3) and Fig.(4) of the W-band polarizer. The ability to extend from W-band to G-band with conventional precision machining demonstrates that this polarizer is relatively uncomplicated to manufacture, and we have currently used the same manufacturing method to push it to even higher frequencies to test the limit.
POLARIZATION LEAKAGE
In view of the weak polarized signal in the presence of the stronger unpolarized source, the primary concern of a polarizer is the leakage from Stokes I to other three Stokes parameters. For linear polarization signals, the mutual leakage is between Stokes Q and U. As long as the Q − U leakage is controlled within the few-percent level, the performance of the polarizer is considered to be acceptable [7] [8] . Data of measurement B are used to compute the polarization leakage. In Figs. GHz (Frequency) Figure 7 . Same measurement B as Figs.(4a,b) , except for the G-band polarizer.
CONCLUSION
In view of the weak polarized signal in the presence of the stronger unpolarized source, the primary concern of a polarizer is the leakage from Stokes I to other three Stokes parameters. For linear polarization signals, the mutual leakage is between Stokes Q and U. As long as the Q − U leakage is controlled within the few-percent level, the performance of the polarizer is considered to be acceptable [7] [8] . Data of measurement B are used to compute the polarization leakage. limit and extends the usable frequency into the range where high-order TM01 modes are excited. In addition, the mutual leakage among all four Stokes parameters has I leaking to Q and U less than 2% and Q − U mutual leakage less than ±1% in almost all frequencies. This septum polarizers will be installed in the National Taiwan University (NTU)-Multi-Pixel Interferometry Array, where each receiver is equipped with 19 pixels of coherent detectors covering 80-116 GHz. 
